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a b s t r a c t
Control over polymeric bulk heterojunction (BHJ) morphology is one of the key factors in obtaining
high-efﬁciency devices. The domain size inﬂuence on device performance is widely considered critical.
In this paper, the ﬁbril width of 3,6-bis-(thiophen-2-yl)-N,N0-bis(2-octyl-1-dodecyl)-1,4-dioxo-
pyrrolo[3,4-c]pyrrole and thieno[3,2-b]thiophene (PDBT-TT):[6,6]-phenyl-C71-butyric acid methyl ester
(PC71BM) blend thin ﬁlm was adjusted by different processing additives. By decreasing the solubility
of PDBT-TT in different additives, the ﬁbril width can be decreased from 65.7 nm to 14.8 nm. It is possible
that the PDBT-TT seed-crystallite nuclei concentration is higher in the relatively low solubility solvents
than that in the relatively high solubility solvents, thus leading to the formation of narrower ﬁbrils.
The PDBT-TT/PC71BM narrow ﬁbrillar interpenetrating network structure was beneﬁcial to exciton
separation and charge transport processes. As a result, the solar cell with the narrowest ﬁbril width
has a higher short circuit current (Jsc) and ﬁll factor (FF), thus achieving optimized device performance
from less than 1% to 4.75%.
 2015 Elsevier B.V. All rights reserved.
1. Introduction
Polymer solar cells (PSCs) based on bulk heterojunction (BHJ)
materials comprising conjugated polymers as electron donor and
fullerene derivatives as electron acceptor are currently regarded
as the most promising organic photovoltaic (OPV) devices. To
achieve high device performance, an interpenetrating networks
structure with length scale of 10–20 nm should be formed by
donor and acceptor components [1,2]. To achieve this morphology,
approaches including thermal annealing [3] and solvent annealing
[4–6], the use of different solvents [7,8] and the use of additives
[9–12] have been adopted.
In recent years, low bandgap diketopyrrolopyrrole (DPP)-based
polymers have achieved success in OPVs [13,14]. Considering that
low band gap DPP-based polymers could absorb over a large range
of solar spectrum, and their high charge carrier mobility would
decrease the recombination of the holes and electrons [14–16],
they are excellent donor materials in OPVs. For the as-cast blend
ﬁlms, DPP-based polymers and [6,6]-phenyl-C71-butyric acid
methyl ester (PC71BM) tend to form large size aggregates, thus
the device performance of these polymers strongly depends on
the processing conditions [17–20]. Russell et al. cast a copolymer
of diketopyrrolopyrrole and quaterthiophene (pDPP):PC71BM
blends from a DCB/CHCl3 solvent mixture. They found that a
nanoﬁbrillar structure was formed and they demonstrated that
pDPP initially crystallized into a ﬁbrous network surrounded by a
continuous matrix containing pDPP and PC71BM [21]. By process-
ing additives or solvent mixture, ﬁbrillar network structure can
be obtained in general [22–24]. What’s more, the ﬁbrillar
microstructure including ﬁbril length, ﬁbril width, domain purity
and domain size has a great effect on the performance of the solar
cells [25,26]. Among them, the ﬁbril width is particularly impor-
tant in promoting the separation of excitons [27]. Janssen et al.
studied six different DPP-based polymers and concluded that the
width of the DPP-based polymer ﬁbrils was an important factor
contributing to the efﬁciency of charge generation. They thought
the width was controlled by the solubility of the polymer in the
host solvent [28]. Therefore, synthetic methods such as changing
the molecular main chain or side chain could adjust the width of
the ﬁbrils. However, compared to the complex synthetic methods,
the use of physical means to control the ﬁbril width of DPP-based
polymer:PC71BM system is more convenient, and the physical
means of quantitative regulation of ﬁbril width rarely reported.
Herein, we adjusted the width of 3,6-bis-(thiophen-2-yl)-N,N0-
bis(2-octyl-1-dodecyl)-1,4-dioxo-pyrrolo[3,4-c]pyrroleandthieno
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[3,2-b]thiophene (PDBT-TT) ﬁbrils in blend ﬁlms by processing
selective additives. It is generally believed that additives should
selective dissolve the fullerene component. However, how the solu-
bility of polymers in additives effect on the morphology of blend
ﬁlms isunclear.Hereweshowthewidthof theﬁbrils canbeadjusted
by changing the solubility of PDBT-TT in the additives. A lower solu-
bility resulted in much narrower ﬁbrils. Narrower ﬁbrils showed
smaller phase separation size and led to better separation efﬁciency
of excitons. A higher ﬁll factor (FF) and an increased short circuit
current (Jsc) were obtained with the additives with the lower
solubility of PDBT-TT. Consequently, the BHJ solar cellswith a power
conversion efﬁciency (PCE) of 4.75% was obtained, with a great
improvement compared with the reference device (PCE = 0.66%).
2. Experimental section
2.1. Materials
PDBT-TT (Mn = 29 K, PDI = 3.9) was purchased from Solarmer
Inc. PC71BM was purchased from American Dye Source. The chem-
ical structures of them are shown in Fig. 1(a). Chlorobenzene (CB),
1,2-dichlorobenzene (ODCB), 1-chloronaphthalene (CN) and
1,8-diiodooctane (DIO) were purchased from Sigma Aldrich.
1-Benzothiophene (BT) and 3,4-dimethylanisole (DMA) were
purchased from Alfa Aesar. 1,2-Dimethoxybenzene (ODAB) was
purchased from Acros Organics. 1,2,4-Trimethoxybenzene (TAB)
was purchased from TCI Shanghai. 1,2,4-Trichlorobenzene (TCB)
was purchased from Sinopharm Chemical Reagent Co., Ltd.,
China. The chemical structures of these solvents are shown in
Fig. 1(b). All of the solvents are used without further puriﬁcation.
2.2. Sample preparation
The pristine solution was get by dissolving 6 mg PDBT-TT and
18 mg PC71BM in 1 ml CB at 70 C for 2 h. After stirring overnight,
1%, 3%, 5%, 10%, 25% (v/v) DMA were added to get the solutions
with different volumes of DMA. The poly(ethylenedioxythio
phene):poly(styrenesulfonate) (PEDOT:PSS) layer with a thickness
of 25 nm was spin-coated on cleaned glass substrates and dried at
140 C in a vacuum for 30 min. Then, solutions without or with dif-
ferent volumes of DMA were spin-coated. After stand for 20 min,
all the ﬁlms were annealed at 100 C for 10 min to get rid of the
additives, then we got blend ﬁlms prepared from different volumes
of DMA. Blend ﬁlms prepared from 5% different additives were
gotten in the same way.
2.3. Characterization
We used transmission electron microscopy (TEM) and atom
force microscopy (AFM) to characterize the morphology of the
active layer. TEM experiments were performed on a TEM-1011
(JEOL Co., Japan) with an accelerating voltage of 100 kv. The
samples were made by ﬂoating the ﬁlm on the water and then
transferring onto a copper grid. AFM images were obtained using
a SPI3800N AFM (Seiko Instruments Inc., Japan) with a si tip with
a spring constant of 2 N m1.
Photoluminescence (PL) spectra obtained from a Labram HR800
spectrometer (Horiba Jobin Yvon) equipped with an Olympus BX41
microscope in the backscattering geometry was used to assess the
extent of phase separation. The confocal hole and the slit width
were ﬁxed at 200 lm. We used a 632.8 nm He–Ne laser to excite
the ﬁlms.
The UV–vis absorption spectroscopy was measured by a
Lambda 750 spectrometer (Perkin-Elmer, Wellesley, MA).
To study the crystallinity of the blend ﬁlms, out-of-plane graz-
ing incidence X-ray diffraction (GIXD) using a Bruker D8 Discover
reﬂector with an X-ray generation power of 40 kV tube voltage
and 40 mA tube current was carried out. The ﬁlms were measured
at a step-scan rate of 0.05 per 5 s with the scattering angle 2h
ranging from 2 to 30. The sizes of the samples for GIXD were
Fig. 1. (a) Chemical structures of PC71BM (left) and PDBT-TT (right), (b) chemical structures of the host solvent CB and the additives ODCB, TCB, CN, BT, DMA, ODAB, TAB and
DIO.
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1.5 cm  1.5 cm cut from the middle of 2.5 cm  2.5 cm blend
ﬁlms. All the samples have almost the same thickness.
2.4. Fabrication of devices
The solar cells were fabricated on indium tin oxide (ITO) coated
glass substrates. The ITO coated glass substrates were cleaned by
ultrasonication in detergent water, acetone, and isopropyl alcohol
for 20 min respectively. The ITO substrate was UV ozone for
25 min before a 25 nm thick PEDOT:PSS layer was deposited by
spin-coating. After dried at 140 C in a vacuum for 30 min, the sub-
strate was transferred to a glove box where a layer of about 250 nm
thick ﬁlms was spin-cast from the solution of PDBT-TT:PC71BM
(1:3) without or with different additives. Then, after stand for
20 min, all the ﬁlms were annealed at 100 C to get rid of the addi-
tives. Finally, a bilayer structure of Ca (30 nm)/Al (100 nm) was
deposited on top of the active layer by thermal evaporation at a
pressure of 2  104 Pa. For every ITO glass substrate, we have four
solar cells whose active area is 12 mm2.
We used a computer controlled Keithley 236 source meter
under AM1.5G illumination from a calibrated solar simulator with
irradiation intensity of 100 mW/cm2 to measure the current den-
sity–voltage (I–V) characteristics of the OPV cells.
The external quantum efﬁciency (EQE) of the OPV cells was
measured by a QE-R3011 (Enli Technology Co., Ltd.) with a
lock-in ampliﬁer at a chopping frequency of 280 Hz, the monochro-
matic light was get from a xenon lamp.
3. Results and discussion
3.1. Controlling the ﬁbril width of PDBT-TT by processing additives
with different solubility
We controlled the ﬁbril width of PDBT-TT by processing addi-
tives with different solubility. We ﬁrst studied the impact of addi-
tive concentration on the PDBT-TT:PC71BM blend ﬁlm morphology.
TEM images of PDBT-TT:PC71BM (1:3 wt/wt) blend ﬁlms prepared
by using different concentrations of the solvent additive DMA in CB
solutions are shown in Fig. 2. The image of as-produced ﬁlm
(Fig. 2(a)) shows large size of aggregated PDBT-TT (bright) and
PC71BM rich (dark) domains. The medium brightness regions con-
necting these domains could be the mixture of amorphous
PDBT-TT and PC71BM. After adding DMA, PDBT-TT forms a network
ﬁbrillar structure. The width of the ﬁbrils decreases and the outline
of the ﬁbrils becomes sharp as the volume of DMA increases
(Fig. 2(b)–(d)). The blend ﬁlm spin-coated from the solution with
5% DMA shows an interpenetrating network ﬁbril structure. The
ﬁbrils are narrow with sharp outline. When the volume of DMA
is larger than 5%, the TEM images show similar morphology, as
shown in Fig. 2(e) and (f). We think DMA may increase the concen-
tration of polymer seed-crystallite nuclei in solution, as reported in
other PDPP-based polymer system [29]. These nuclei induce the
polymer crystallization during the ﬁlm formation progress. When
the concentration of DMA is more than 5%, the concentration of
nuclei are saturated and the excrescent DMA act as a selective sol-
vent for PC71BM. During the ﬁlm formation progress, PDBT-TT
forms the crystalline network ﬁrst and then PC71BM becomes
aggregated. Therefore, the TEM image has little change even the
concentration of DMA reached up to 25%. Since 5% DMA is enough
to form the network structure and too many additives make it dif-
ﬁcult to get rid of, we use 5% additives in our next research.
We chose a series of additives that were good solvents to
PC71BM while could dissolve different amount of PDBT-TT to study
their effect on the structure of the blend ﬁlms. Additives like ODCB,
TCB, CN, BT and DMA could dissolve PDBT-TT to a certain degree.
Fig. 2. TEM images of PDBT-TT:PC71BM (1:3 wt/wt) blend ﬁlms prepared by using different concentrations of the solvent additive DMA in CB solutions: (a) without DMA;
(b) 1% DMA; (c) 3% DMA; (d) 5% DMA; (e) 10% DMA; (f) 25% DMA.
Table 1
The parameters of different solvents.
Solvent Solubility (mg/ml) b.p (C)
PDBT PC71BM
CB 23 >200 131.7
ODCB 8.4 >200 180
TCB 8 >200 213
CN 0.1 >200 260
BT 1.4E3 >200 221
3,4-DMA 6.4E4 >200 203
ODAB – >200 206
TAB – >200 247
DIO – >200 332.5
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The solubility of PDBT-TT in them decreases from 8.4 mg/ml to
about 6.4  104 mg/ml. While additives like ODAB, TAB and DIO
used here show no sign of dissolving PDBT-TT. Their boiling
points are all higher than the host solvent CB, as shown in
Table 1. In addition, the solubility of PDBT-TT in different solvents
was measured in the same way as reported [30].
Bright-ﬁeld TEM was also used to directly reveal the morphol-
ogy of the PDBT-TT:PC71BM blend ﬁlms with different additives
(5% v/v). After adding different additives, the ﬁlms all show
interpenetrating network ﬁbril structure with different ﬁbril sizes
(Fig. 3(a)–(h)). The shape outline of the ﬁbrils reveals that the
additive concentration was also optimized. When we used addi-
tives that were good solvents to PDBT-TT like ODCB (Fig. 3(a))
and TCB (Fig. 3(b)), the width of the ﬁbrils was about 65 nm.
Interestingly, when we decreased the solubility of PDBT-TT by
using the additive CN to about 0.1 mg/ml, the ﬁbril width
decreased to about 41.3 nm (Fig. 3(c)). The width of the ﬁbrils con-
tinued to decrease when we decreased the solubility of PDBT-TT in
additives further (Fig. 3(d) and (e)). And ﬁnally, we got interpene-
trating network ﬁbril structure blend ﬁlms with continuously
decreasing ﬁbril width from 65.7 nm to 14.8 nm (Fig. 3(e)) when
we reduced the solubility of PDBT-TT in additives gradually. This
means that the ﬁbril width could be adjusted continuously by add-
ing selective additives. However, if we used additives showing no
sign of dissolving PDBT-TT like ODAB (Fig. 3(f)), TAB (Fig. 3(g))
and DIO (Fig. 3(h)), the width of the ﬁbrils could not decrease
further. What’s more, they might cause PC71BM to be more aggre-
gated as the lower magniﬁcation images Fig. 3(f0)–(h0) revealed.
The regions inside the red circles of the TEM image are darker than
other place, meaning the PC71BM is enriched. These PC71BM rich
regions don’t exist when we used DMA as the additive
(Fig. 3(e0)). AFM height and phase images of the blend ﬁlms are
shown in Fig. S1. Unlike the TEM images, the AFM images show
similar morphologies and no obviously ﬁbrils are seen. We think
that’s because the ﬁbrils were grown inside the ﬁlms. With the
decrease of the width of the ﬁbrils, the roughness of the ﬁlms
has a trend to decrease. That’s reasonable as narrower ﬁbrils near
the surface make the roughness smaller.
Fig. 3. TEM images of PDBT-TT:PC71BM blend ﬁlms prepared by using different additives (5% v/v): (a) ODCB; (b) TCB; (c) CN; (d) BT; (e) DMA; (f) ODAB; (g) TAB; (h) DIO. The
red words show the average width of the ﬁbrils. (e0–h0) Lower magniﬁcation of (e–h) respectively. The red circles represent PC71BM enrichment regions. (For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 4. Plot of the average width of the ﬁbrils versus the solubility of PDBT-TT in
different additives.
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We established the relationship between the additives we used
and the average width of the ﬁbrils, as shown in Fig. 4. With the
continuously change of additives from good solvents to poor sol-
vents, the width of the ﬁbrils decreases ﬁrst, then keeps constant
or has a slight increase. To obtain a 10–20 nm network structure
and avoid the aggregation of PC71BM, the additive in which the sol-
ubility of PDBT-TT is very low should be chosen (solubility: around
104 mg/ml). In addition, the width of the ﬁbrils could be con-
trolled continuously within limits by changing the solubility of
PDBT-TT in additives.
To assess the extent of phase separation, photoluminescence
(PL) spectroscopy had been performed (Fig. 5(a)). For the pure
PDBT-TT ﬁlm, there is a strong peak at about 900 nm. After blend-
ing with PC71BM, PL appears to be signiﬁcantly quenched. Without
any additives, the PL quenching is strong, probably because some
PDBT-TT blends well with PC71BM in spite of large size aggregated
PDBT-TT and PC71BM rich domains seen from the TEM image. After
adding different additives, we ﬁnd that blend ﬁlms with narrower
ﬁbrils cause stronger PL quenching, as in Fig. 5(b). This means that
blend ﬁlms with narrower ﬁbrils have a smaller extent of phase
separation. Therefore, phase separation size is directly related to
the width of the ﬁbrils and we can adjust the phase separation size
continuously by changing the solubility of PDBT-TT in additives
gradually. In addition, the peak position is different. It’s due to
the different relative intensity of H-aggregation and J-aggregation
as reported before [31]. As shown in Fig. S2, the two absorption
peaks of PDBT-TT represent H-aggregation and J-aggregation
respectively. Blend ﬁlms with more J-aggregation have smaller
photon energy and thus the PL maximum emission is red-shift.
The crystallinity of PDBT-TT:PC71BM blend ﬁlms under different
processing additives are shown in Fig. 5(c). The relatively intensity,
d-spacing and crystal size of blend ﬁlms are shown in Fig. S3. In the
blend ﬁlms, PDBT-TT gives rise to peaks at about 2h = 4.5 for the
(100) planes. The GIXD results indicate that PDBT-TT chains
adopted an edge-on orientation. This is consistent with previous
reports [31–33]. For the ﬁlm without additives, the intensity of
the peak is strong, indicating that the crystallinity of PDBT-TT is
high. However, the peaks of blend ﬁlms with additives show lower
intensity. Similar phenomenon can also be seen in previous reports
[21]. For different ﬁbril widths, the relatively intensity decreases as
the width of the ﬁbrils decrease. Therefore, blend ﬁlms with
narrower ﬁbrils showed lower crystallinity of PDBT-TT. This is
consistent with the absorption spectra (Fig. S2). The absorption
spectrum of blend ﬁlms with narrower ﬁbrils is blue-shift,
meaning a less ordered structure. We think that narrow ﬁbrils
may contain more defect content during the formation of the crys-
tals, thus have a lower crystallinity. All blend ﬁlms show a similar
d-spacing, indicating that additives did not change the crystal
structure of PDBT-TT. Interestingly, the crystal sizes of PDBT-TT
in different ﬁlms were not in positive correlation with the width
of the ﬁbrils. We think the ﬁbrils may be composed by many small
crystals connected by amorphous PDBT-TT [29]. In addition, the
peaks at about 2h = 18.5 represent the crystal of PC71BM. The
additives have little effect on the crystal of PC71BM in our situation.
3.2. The possible mechanism of different additives’ effect on the PDBT-
TT:PC71BM blend ﬁlms morphology
According to the above results, we identiﬁed that the optimal
additive for PDBT-TT:PC71BM system should satisfy three criteria:
Fig. 5. (a) The PL spectra measured by Raman spectra of PDBT-TT:PC71BM ﬁlms
without and with different additives. (b) Plot of the max PL intensity versus the
average width of the ﬁbrils. (c) The out of plane GIXD patterns of the same ﬁlms, the
insert ﬁgure shows magniﬁed image of the (100) peak.
Fig. 6. The mechanism of different additives’ effect on the PDBT-TT:PC71BM blend
ﬁlms.
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(i) good solvent for PC71BM, (ii) higher boiling point than the host
solvent and (iii) the solubility of polymer in it is very low.
The possible mechanism of different additives’ effect on the
PDBT-TT:PC71BM blend ﬁlms morphology was illustrated in
Fig. 6. For the ﬁlm spin-cast from CB, there are large sizes of
aggregated PDBT-TT and PC71BM rich domains, as shown in
Fig. 6(a). The regions among the domains are well blend amor-
phous PDBT-TT and PC71BM, as conﬁrmed from the PL spec-
troscopy (Fig. 5). After using different additives, the ﬁlms show
ﬁbrillar structure with different ﬁbril widths. PDBT-TT ﬁbrils form
three-dimensional network structure and amorphous PDBT-TT and
PC71BM ﬁll the rest place (Fig. 6(b) and (c)). The width of the ﬁbrils
depends on the solubility of PDBT-TT in additives. Blend ﬁlms fab-
ricated from solutions with additives that could dissolve small
amount of PDBT-TT show narrow ﬁbrillar structure (Fig. 6(c)),
while fabricated from solutions with additives that could dissolve
larger amount of PDBT-TT show wider ﬁbrillar structure
(Fig. 6(b)). We think the width of the ﬁbrils is determined by the
number of nuclei during ﬁlm drying process (Fig. S4). Additives
in which the solubility of PDBT-TT is lower induce more polymer
aggregates in solution and thus get more nuclei. During the ﬁlm
drying process, more nuclei induce more ﬁbrils. However, the
crystallinity of PDBT-TT decreases due to the formation of more
crystal defects. Therefore, the ﬁbrils of the blend ﬁlms processed
from additives in which the solubility of PDBT-TT is lower are
narrower. In addition, the concentrate of nuclei may also be
affected by the concentrate of additives. This explains why wider
ﬁbrils were formed when the concentrate of DMA was less than
5%. Additives that are unable to dissolve PDBT-TT could not
decrease the width of the ﬁbrils further. In addition, these additives
may make PC71BM more aggregated which is bad for the perfor-
mance of the device, as shown in Fig. 6(d). Different morphologies
are formed when these two kinds of additives were used. This may
owe to their different efﬁcacy during the ﬁlm drying progress.
Additives like DMA can help to form nuclei, while additives like
DIO couldn’t [20]. During the ﬁlm drying progress, the former
additives could promote the formation of PBTT-TT networks which
suppress the excessive aggregation of PC71BM. In order to get a
good performance, the ﬁbril should be narrow and large size aggre-
gation of PC71BM should be avoided. Thus, introduction of the
additives in which the solubility of PDBT-TT is very low are
expected to get a good device performance. We think Fig. 6 may
help us to adjust the morphology of other DPP-based
polymer:PC71BM or high crystalline polymer:PC71BM systems.
3.3. The relationship between the active layer morphology and device
performance
Fig. 7(a–c) shows the I–V curves and the external quantum efﬁ-
ciency (EQE) of the PSCs fabricated with different concentrations of
DMA and 5% different additives respectively. The corresponding
photovoltaic and EQE data of the devices with different concentra-
tions of DMA and different additives are summarized in
Tables 2 and 3, respectively. The photovoltaic properties of
PDBT-TT:PC71BM (1:3 wt/wt) blend solar cells fabricated with no
additive exhibited poor device performance (0.66%), mainly due
to a low Jsc, indicating that the charge separation process was
non-optimal because of the large size of aggregated PDBT-TT and
PC71BM rich domains. When the volume of DMA increased from
1% to 5%, the PCE improved from 2.01% to 4.75%. This is due to
the formation of better network structure and narrower ﬁbrils.
When the volume of DMA exceeded 5%, the PCE had a slight
tendency of decrease.
For the photovoltaic properties of PDBT-TT:PC71BM (1:3 wt/wt)
blend solar cells fabricated with different additives, all Jsc and PCE
were improved to some degrees in contrast to the one without
additives. When additives like ODCB, TCB, CN, BT and DMA were
used, the PCE increased from 1.51% to 4.75% gradually as shown
in Fig. 8(b). Narrower ﬁbrils resulted better device performance.
The improvement of PCE is mainly due to the enhanced Jsc, which
has similar tendency versus the average width of the ﬁbrils. As the
Fig. 7. (a) J–V curves for devices processed from PDBT-TT:PC71BM ﬁlms without
and with different concentrations of DMA. (b) J–V curves for devices processed from
PDBT-TT:PC71BM ﬁlms with 5% different additives. (c) EQE of the same devices.
Table 2
Photovoltaic properties of PDBT-TT:PC71BM (1:3 wt/wt) blend solar cells fabricated
with different concentrations of DMA (AM 1.5G illumination conditions).
Solvent Voc (V) Jsc (mA/cm2) FF (%) PCE (best) (%)
CB 0.69 1.47 0.65 0.66(0.78)
CB + 1% DMA 0.69 4.43 0.66 2.01(2.07)
CB + 3% DMA 0.68 9.87 0.67 4.49(4.55)
CB + 5% DMA 0.69 9.59 0.72 4.75(4.85)
CB + 10% DMA 0.68 10.72 0.65 4.70(4.77)
CB + 25% DMA 0.7 10.36 0.64 4.62(4.70)
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widths of the ﬁbrils are larger than 10 nm, the separation of exci-
tons is enhanced, resulting a lager Jsc. The FF of the devices also
improves from 0.65 to about 0.70 compared to the one without
additives. Therefore, blend ﬁlms processed from additives have
two advantages in improving the device performance. First, a bet-
ter network structure helps the electrons and holes transport to
the electrodes. Second, narrow ﬁbrillar structure allows more exci-
tons to diffusion to the interface and thus promotes the separation
of excitons. These two advantages should be responsible for the
improvement of the device performance. When additives that
could not dissolve PDBT-TT like ODAB, TAB and DIO were used,
the device performance was poorer than the one fabricated with
DMA as the additive. We think that was caused by the large size
of PC71BM aggregated regions as shown in the TEM images, which
will decrease the interfacial area.
The EQE value of the device processed from CB was very low
(Fig. 7(c)). Additives could improve the EQEvalue at allwavelengths.
The devices fabricated with additives that could dissolve PDBT-TT
show enhanced EQE at all wavelengths gradually from ODCB to
DMA. This is consistent with the improvement of Jsc. But interest-
ingly, the EQE value of the devices fabricated with ODAB, TAB and
DIO showed discordant at lowwavelengths (k < 700 nm) and higher
wavelengths (k > 700 nm). For example, the device fabricated with
TAB as the additive showed lower EQE value at low wavelengths
than the device fabricated with DIO, but higher EQE value at
high wavelengths. We think additives which could not dissolve
PDBT-TTmay cause different phase purity [18,30], surface composi-
tion [34–36] and so on. These differences may also affect the EQE
values. Additives likeDIO couldnot promote the formation of nuclei,
some PC71BMmay dissolve out before the crystallization process of
PDBT-TT ﬁnished. Thus the relative EQE values are not determined
by the ﬁbril width alone.
Plot of the maximum EQE in the high wavelength region
(k > 700 nm) versus the average width of the ﬁbrils for different
additives is shown in Fig. 8(c). Wider ﬁbrils have a tendency to
get lower EQEs, as the red line shows. This tendency may be incon-
spicuously for additives which could not dissolve PDBT-TT. For
example, using DIO as the additive could get blend ﬁlm with equal
ﬁbril width with DMA, but had a worse EQE value.
For the PDBT-TT:PC71BM blend solar cells, we ﬁnd that the best
additive is the one in which the solubility of PDBT-TT is very low.
Our best device efﬁciency reached 4.75% (DMA as the additive)
which improved 620% compared with no additive (0.66%) and
56% compared with the mostly used additive DIO (3.05%). The best
efﬁciency is much higher than the last report. This improvement
owes to higher Jsc caused by enhanced excitons separation efﬁ-
ciency and higher FF caused by better network structure.
4. Conclusion
We investigated the structure of PDBT-TT:PC71BM blend ﬁlms
spin-cast from CB with different additives. We concluded that
the optimal additive for PDBT-TT:PC71BM system should satisfy
three criteria: (i) good solvent for PC71BM, (ii) higher boiling point
than the host solvent and (iii) the solubility of polymer in it is very
low. We found that the width of the ﬁbrils could be adjusted from
65.7 nm to 14.8 nm by changing the solubility of PDBT-TT in the
additives. The microstructure with narrowest ﬁbril width was
beneﬁcial for higher short circuit current (Jsc) and ﬁll factor (FF),
thus achieving optimized device performance from less than 1%
to 4.75%. The improved exciton separation and charge transport
processes caused by narrow ﬁbrillar interpenetrating network
structure were considered to be responsible for the enhanced Jsc
and FF. Our results may help to adjust the morphology of other
DPP-based polymer:PC71BM or high crystalline polymer:PC71BM
systems.
Table 3
Photovoltaic properties of PDBT-TT:PC71BM blend solar cells fabricated with different additives.
Solvent Width (nm) Voc (V) Jsc (mA/cm2) FF PCE (best) (%) PDBT-TT EQE max (%)
CB 0.69 1.47 0.65 0.66 (0.78) 1.0
CB + 5% ODCB 65.7 ± 4.0 0.68 3.23 0.69 1.51 (1.55) 3.9
CB + 5% TCB 65.2 ± 6.8 0.70 3.51 0.70 1.73 (1.75) 4.3
CB + 5% CN 41.3 ± 4.7 0.70 4.84 0.72 2.42 (2.43) 7.0
CB + 5% BT 31.4 ± 2.7 0.70 5.71 0.7 2.80 (2.84) 9.9
CB + 5% DMA 14.8 ± 0.8 0.69 9.59 0.72 4.75 (4.85) 19.9
CB + 5% ODAB 16.9 ± 0.9 0.70 9.36 0.63 4.14 (4.18) 19.2
CB + 5% TAB 20.1 ± 1.0 0.70 7.92 0.64 3.52 (3.67) 18.4
CB + 5% DIO 14.7 ± 0.9 0.70 8.33 0.52 3.05 (3.08) 14.2
Fig. 8. (a) Plot of PCE and Jsc of the solar cells fabricated with ODCB, TCB, CN, BT and
DMA as the additives versus the average width of the ﬁbrils. (b) Plot of the
maximum EQE in the high wavelength region (k > 700 nm) versus the average
width of the ﬁbrils for different additives.
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